S tudies of grass-legume mixtures often focus on binary combinations (e.g., Sheaffer et al., 1990; Sleugh et al., 2000; Zemenchik et al., 2002) . Few studies of mixtures have dealt with multiple forage grasses and legumes for agronomic systems and varied the species proportion in mixtures (Kirwan et al., 2007) . Small-plot (Skinner et al., 2004; Deak et al., 2007) and pasture-scale (Sanderson et al., 2005; Skinner et al., 2006) studies have shown that complex forage mixtures (three to nine species) yielded more herbage than grass-legume binary mixtures or monocultures. An economic analysis showed that using complex forage mixtures could be more profitable than using a grass monoculture Deak et al., 2010) . In Nova Scotia, Canada, three-and four-species mixtures of grasses and legumes yielded more herbage than binary mixtures (Papadopoulos et al., 2012) . Studies in Europe and England demonstrated that forage mixtures yielded more herbage than monocultures (Kirwan et al., 2007) or species-poor plant communities (Bullock et al., 2007) .
Weeds in forage and pastureland can reduce forage yields and nutritive value and compete for soil, water, and light resources (Masters and Mitchell, 2007) . Farmers must often rely on cultural and mechanical means to control weeds in mixed stands of grasses and legumes because some herbicides may injure or kill legumes. Planting mixtures of forage species to create a highly competitive environment can be an effective measure to suppress weeds (Drenovsky and James, 2010) . Research on temperate grasslands of the United States (Picasso et al., 2008; Bonin and Tracy, 2012) and northwestern Europe (Kirwan et al., 2007; Frankow-Lindberg et al., 2009; Nyfeler et al., 2009 ) also demonstrated that species-rich forage mixtures can suppress weeds.
From a farm management standpoint, knowledge of how the proportions of species in a seed mixture (i.e., species evenness) affect production and weed abundance will be useful in guiding the formulation of forage seed mixtures for farmers. In a multilocation (28 sites) study across Europe, herbage production of grass-legume mixtures (two grasses and two legumes) increased as the proportion of the species in mixture became more equal (i.e., the seed mixtures had greater species evenness; Kirwan et al., 2007) . The effect of varying species proportions also depended on the dominant species in the plant community (Mulder et al., 2004) and on the proportion of legume in the mixture (Nyfeler et al., 2009 ).
Our objective was to test the hypothesis that mixtures with more equal proportions of species in the seed mixture would have greater productivity and fewer weeds than monocultures or mixtures dominated by one or two species. We conducted two experiments each with different groups of grass and legume species for 3 yr at four locations. In each experiment, we focused on a limited number of grasses and legumes with contrasting morphology and establishment rate. Our previous research showed that plant communities of about four forage species were practical for management (Sanderson et al., 2005; Deak et al., 2007) . Because of the importance of legumes in supplying N and influencing yields of forage mixtures (Nyfeler et al., 2009) , we explored the relationship between legume proportion in the seed mixture and the resulting abundance in the harvested biomass and relationships with weed abundance and herbage yield. Previously, we reported on weed abundance in monocultures and mixtures at establishment of one of the experiments (Sanderson et al., 2012) . Here we report weed abundances from two additional years of that experiment.
MATERIALS AND METHODS
Field studies were conducted at four locations that varied in soil fertility and drainage in Pennsylvania and Wisconsin. The location at Rock Springs, PA, was on a well-drained and fertile Hagerstown silt loam (fine, mixed, semiactive, mesic Typic Hapludalfs) soil in the Ridge and Valley physiographic province (40°43´5˝ N, 77°56´28˝ W; 350 m elevation; Table 1 Fifteen forage mixture and monoculture treatments were constructed in each of two experiments at each location to include grass and legume species that contrast in relative establishment rate (slow or rapid) and growth habit (bunch and rhizomatous grasses; erect and prostrate legumes). These specific traits often govern the persistence, production, and resulting species evenness of mixtures (Kirwan et al., 2007) . In Exp. 1, the mixtures and monocultures included orchardgrass (rapid establishment; bunch; cultivar Baridana), quackgrass (slow establishment; rhizomatous; cultivar Everett), alfalfa (rapid establishment; erect; cultivar Winter), and white clover (slow establishment; prostrate; cultivar Will). In Exp. 2, the mixtures and monocultures included meadow fescue (rapid establishment; bunch; cultivar Pradel), reed canarygrass (slow establishment; rhizomatous; cultivar Chieftan), red clover (rapid establishment; erect; cultivar Marathon), and kura clover (slow establishment; prostrate; cultivar Endura).
The 15 treatments in each experiment were planted in a simplex design (Cornell, 2002) that systematically varied relative abundance of each species with a fixed level of overall initial abundance (Ramseier et al., 2005; Kirwan et al., 2007; Sanderson et al., 2012;  Table 2 ). Conducting mixture experiments with several forage species can be difficult because of the large number of possible combinations. To pare the mixture combinations to a manageable number, we adopted the simplex design used in similar experiments in Europe (Kirwan et al., 2007; Nyfeler et al., 2009; Frankow-Lindberg et al., 2009; FrankowLindberg, 2012; Sturludóttir et al., 2013) . The simplex design aids in efficiently comparing levels or combinations of several factors in an experiment (Cornell, 2002) . The simplex design has been used to compare mixtures of plant species in other ecological and agricultural contexts (e.g., Scheffé, 1963; Gibson et al., 1999; Bondari, 2005; Ramseier et al., 2005; Sheehan et al., 2006; Suter et al., 2007) . The treatments were planted at two initial densities (500 and 1000 germinable seeds m -2 ) at the Pennsylvania locations and at 1000 germinable seeds m -2 at the Wisconsin locations. The 1000 seed m -2 density approximated the recommended planting rate for the forage species (8-17 kg seed ha -1 ; Penn State Agronomy Guide, 2011).The germination rate and seed mass of each species were measured so that the appropriate mass of seeds could be determined to formulate the seed mixtures to result in the initial seed densities. Legume seed were treated with the appropriate rhizobia species. The 15 treatments in each experiment included four monocultures, four mixtures each of which was dominated by a different species (dominant species as 70% of the germinable seeds in the mixture, other species at 10%; low evenness), six mixtures dominated by pairs of each species (dominant pairs at 40% each of seed mixture, other species at 10%; moderate evenness), and one mixture with an equal proportion of all species (25% of each species in seed mixture; high evenness). The treatment structure and seed mixture proportions were chosen to be consistent with those used in a 28-site experiment in Europe (Kirwan et al., 2007) .
The monocultures and species mixtures in each experiment were replicated twice in a randomized complete block design at Pennsylvania (monocultures and mixtures and seed density replicated twice, 60 plots per experiment) and Wisconsin (30 plots per experiment). We compromised on the number of replicates because of the scope of the research (two similar experiments conducted at four locations for 3 yr). The monocultures and mixtures were planted with a plot drill (Hege 1 , Wintersteiger AG, Ried im Innkreis, Austria) in 1.9 by 5 m plots in a clean-tilled seed bed on 18 Aug. 2008 at Rock Springs and 21 Aug. 2008 at Philipsburg. The plots were 10 rows wide with 18 cm between rows. Monocultures and mixtures were seeded at the Wisconsin locations with a plot drill (Carter, Carter Manufacturing Company, Brookston, IN) in 1.7 by 3 m plots in a clean-tilled seed bed on 13 Aug. 2008. Plots were 10 rows wide with 15 cm between rows. Planting depth was about 0.5 cm.
Plots at Rock Springs, PA, were fertilized with 112 kg K ha -1 in June 2009 and 49 kg P and 166 kg K ha -1 in October 2009; and 52 kg P and 391 kg K ha -1 in 2010 and 2011. Plots at Philipsburg, PA, were fertilized with 1000 kg lime, 49 kg P, and 112 kg K ha -1 in autumn 2007. Lime and fertilizer were applied at Philipsburg only to aid establishment of forages on the low fertility Rayne soil. The Wisconsin plots were not fertilized before establishment. Nitrogen fertilizer was applied to grass monocultures at 56 kg ha -1 in April and June at Rock Springs and the two Wisconsin locations and at 56 kg in April and 28 kg in June each year at Philipsburg. Nitrogen was not applied to the grass-legume mixtures.
Plots were clipped each time the mean canopy height reached 30 cm to determine herbage production (Table 3 ). Biomass was harvested by cutting a 1.52-by 4-m strip at a 7-cm stubble height (Deak et al., 2007) through the center of each plot at Pennsylvania. At Wisconsin, biomass was harvested by cutting a 50-cm swath at a 7-cm stubble height through the center of each plot using a rotary mower equipped with a catch basket. A 600-to 800-g subsample was taken from each yield sample, dried at 65°C for 48 h, and weighed to determine dry matter content. Botanical composition of each plot was assessed in spring, summer, and autumn each year by hand separating subsamples (about 300 g wet weight) of biomass to the species level for both sown forages and unsown species (hereafter "weeds"). In autumn 2008, plots were inspected visually about 30 d after planting and dominant weed species present were noted.
One group of plots in Exp. 1 and 2 was severely damaged by snow and ice at Philipsburg during the winter of 2008-2009 and was eliminated from the experiment. Kura clover did not establish at Rock Springs and Philipsburg; therefore the kura clover monoculture treatment was omitted from statistical analysis of Exp. 2. To satisfy the assumptions of normality and homoscedasticity, weed percentage data were arcsin (ÖY) transformed for analysis. Untransformed data are presented in the tables. Biomass (forage+weeds; sum of all harvests within a year) and weed percentage data were analyzed with the mixed models procedure of SAS (Littell et al., 1996) . The statistical model for the Wisconsin data included year, treatment (the 15 monocultures and mixtures), and block effects. Treatments were considered fixed effects and blocks were considered random effects. Because of the loss of plots at the Phillipsburg location, we decided to analyze the Pennsylvania data by location. A preliminary analysis of the Pennsylvania data indicated that there was no effect of seeding density on biomass yield or weed abundance. Therefore, we treated the seeding densities as replicates for analysis (total of four replicates). The statistical model for the Pennsylvania data included year, treatment, and block effects. In analyses across years, year was treated as a repeated measure. In most instances the variance components covariance structure best fit the data (lowest AIC value) compared with several other covariance structures (e.g, compound symmetry; Toeplitz; first-order autoregressive). Denominator degrees of freedom were calculated with the Kenward-Roger option. Planned contrasts were used to make specific comparisons when main effects were significant (P < 0.05). The establishment year (2009) weed abundance information from Exp. 1 was published by Sanderson et al. (2012) . Those data are not reported here.
RESULTS AND DISCUSSION
At Pennsylvania, seeding density did not affect annual yields (data not shown); therefore all data reported are averaged for the two seeding densities. There were interactions of year and treatment for biomass and weed abundance (P < 0.05); however, these interactions were mainly due to shifts in magnitude of the difference between some means and not because of changes in ranks. Therefore, a combined analysis across years was conducted for each experiment and location.
Averaged across 3 yr, harvested biomass (forage+weed) of mixtures was greater than the average of monocultures at two of four locations (Table 4 ). There were no differences in average harvested biomass among mixtures dominated by one, two, or equal numbers of species, with the exception of the Rock Springs location in Exp. 2. Legume-dominated mixtures consistently had more biomass than grass-dominated mixtures in each experiment Monocultures  1  0  0  0  7760  4330  6720  4010  7470  6640  6580  7320  0  1  0  0  5920  3770  6960  4570  7330  5570  6510  6620  0  0  1  0  8750  3880  9310  3890  8800  6450  8200  5830  0  0  0  1  6570  3580   §   §  6310  4820  5990  5370  Mean  7250  3890  7660  4160  7480  5870  6820 at all locations. In most instances, there was a linear relationship between harvested biomass and legume percentage at Pennsylvania and Wisconsin (Fig. 1) . At Pennsylvania in Exp. 1, orchardgrass monocultures and mixtures had more biomass than quackgrass monocultures and mixtures. Alfalfa monocultures and mixtures generally had more biomass than white clover monocultures and mixtures in Exp. 1 at Pennsylvania and Wisconsin. Although overyielding (i.e., mixtures more productive than the average monoculture) occurred frequently in our experiments, we did not observe any transgressive overyielding (i.e., mixture biomass yield greater than the most productive monoculture; Schmid et al., 2008) . Others have reported frequent instances of transgressive overyielding of grass legume mixtures compared with monocultures in studies with a similar experimental design in several locations in Europe and Canada (Finn et al., 2013; Sturludóttir et al., 2013) . In the European studies, grass-legume mixtures and monocultures at many locations received N, P, and K fertilizers, whereas in our study the grass monocultures received N fertilizer but the grass-legume mixtures did not. This may have biased yields for grasses compared with mixtures; however, we reasoned that in farm practice grasslegume mixtures would not receive N fertilizer.
----------------------------------------kg dry matter ha -1 -----------------------------------------
Contrary to our hypothesis, we did not observe a pattern of greater biomass for mixtures with more equal proportions of forage species (more evenness) in the seed mixture than with seed mixtures dominated by one species. Mixtures often had as much biomass as N-fertilized grass monocultures at most locations in most years indicating that the legume component substituted for up to 112 kg N ha -1 (the amount applied to the grass monocultures) in these environments. Research in Iowa demonstrated that orchardgrass-alfalfa mixtures yielded as much forage as orchardgrass monocultures fertilized with 269 kg N ha -1 (Carter and Scholl, 1962) . In the same study, orchardgrass-red clover mixtures yielded as much forage as orchardgrass fertilized with 120 kg N ha -1 . Barnett and Posler (1983) reported average yield of 6500 kg dry matter ha -1 for grass monocultures fertilized with 90 kg N ha -1 (average of four cool-season grasses and 4 yr) vs. 8600 kg ha -1 for alfalfa-grass mixtures and 6100 kg ha -1 for red clover-grass mixtures.
As the proportion of legume in the seed mix increased, the percentage of legume in the harvested biomass in 2009 (the year after seeding) increased linearly at most locations in both experiments ( Fig. 2 and 3) . In subsequent years, however, there was generally no relationship between seeded legume proportion and percentage of legume in the harvested biomass. The lack of a relationship between legume proportion in the seed and the percentage of legume in the herbage indicates limited scope for manipulation or maintenance of desired legume proportions in the herbage solely through the seed mixture. Other variables, such as companion grass, stocking method, and landscape position, often influence legume proportions in established pastures (Harmoney et al., 2001) .
The percentage of legume in the harvested biomass frequently was above 30% at all locations ( Fig. 2 and 3) . Legume dry matter components of 35 to 40% are considered optimum for sustainable herbage yields and forage quality of grass-legume pastures (Thomas, 1992) . Excessively high legume abundance, however, increases the risk for bloat in grazing ruminants (Mouriño et al., 2003) . The very high (>50% of harvested biomass) legume component of mixtures at some locations in both Exp. 1 and 2 could have presented a bloat hazard if such pastures were grazed.
Such instances require preventive management measures such as providing dry hay before and during grazing, slowly acclimating grazing animals to grass-legume mixtures, or poloxalene supplementation (Kahn et al., 2011) .
Averaged across years, weed percentage in the harvested biomass was consistently greater in monocultures than in mixtures in both experiments at all locations (Table 5) , which was consistent with our previous results during the establishment phase of Exp. 1 (Sanderson et al., 2012) . At Rock Springs, the predominant weed species were annual forbs in 2009, whereas perennial forbs and summer-annual grasses became more abundant in 2010 and 2011 (Table 6 ). At Phillipsburg, perennial forbs and summer-annual grasses were the main weed species. At Wisconsin, the dominant weed species in each experiment at both locations was dandelion (Taraxacum officinale F.H. Wigg.), followed by the annual forbs lambsquarters (Chenopodium album L.), red root pigweed (Amaranthus retroflexus L.), and Pennsylvania smartweed (Polygonum pennsylvanicum L.; Table 6 ). There were no differences in weed abundance among mixtures dominated by one, two, or equal numbers of species. Orchardgrass monocultures and mixtures consistently had lower weed abundance than quackgrass monocultures and mixtures at all locations in Exp. 1. Orchardgrass monocultures were more resistant to invasion by dandelion than grass-legume mixtures because of strong aboveground competition for light in Swedish research, in which a similar experimental design was used (Frankow-Lindberg et al., 2009) . Perennial ryegrass (Lolium perenne L.) monocultures were also more resistant to weed invasion than grass-legume mixtures in a follow up experiment by Frankow-Lindberg (2012) . Mixtures of Kentucky bluegrass (Poa pratensis L.), timothy (Phleum pratense L.), red clover, and white clover sown in the same mixture combinations as in our experiment had a much lower weed abundance (5% of harvested biomass) than monocultures (10-60% of harvested biomass; Sturludóttir et al., 2013) .
Kura clover established very poorly for unknown reasons at the Pennsylvania locations. Establishment difficulties with kura clover are well known (Sheaffer and Marten, 1991) . Kura clover monoculture plots were nearly all weeds at Wisconsin in Exp. 2 (Table 5 ) and kura clover presence in mixtures was very low. Riday and Albrecht (2012) also reported very low proportions of kura clover with red clover mixtures at Arlington, WI.
We hypothesized that weed abundance would be less in mixtures with more equal proportions of forage species (i.e., greater species evenness) in the seed mixture than with seed mixtures dominated by one species. We based this hypothesis on previous research where we observed that weed abundance decreased as the evenness of forage species increased in clipped plots and on-farm surveys of plant species diversity in pastures . The results reported here with established stands and our previous research during the establishment phase (Sanderson et al., 2012) provided no evidence that the evenness of grass-legume mixtures affected weed abundance. Mixtures planted with an equal proportion of grasses and legumes had similar weed abundance as mixtures with one or two dominant forage species in the seed mix. The species composition of the mixtures, however, had a strong effect on invasion. Orchardgrass monocultures had a strong suppressive effect on weeds (Table 5 ) and the legume abundance in the mixture had a strong negative effect on weed abundance in Pennsylvania but less effect in Wisconsin (Fig. 4) . This indicated that including the appropriate species in mixtures to achieve a specific function was more important than the evenness of species in the mixture. Picasso et al. (2008) found a positive relationship between plant species richness of mixtures and their biomass yield. They also noted that specific species (e.g., alfalfa and orchardgrass) had a greater weed suppressive effect than species richness.
CONCLUSIONS
We conducted two experiments each with different groups of grass and legume species for 3 yr at four locations to test the hypothesis that mixtures with more equal proportions of species in the seed mixture would have greater productivity and fewer weeds than monocultures or mixtures dominated by one or two species. The data did not support our hypothesis that seed mixtures of equal proportions of forage species would perform better than mixtures dominated by one or two species. Our results indicated that productivity of the mixtures was related to the dominant species and the proportion of legume in the seed mixture. Overall, grasslegume mixtures produced more biomass and had fewer weeds than the average of grass and legume monocultures. Mixtures also produced as much biomass as N-fertilized grass monocultures. Optimal legume components of 30 to 40% or greater were achieved with a wide range of seed mixtures containing different grass and legume least squares means of two seeding rates, two replicates, and 2 (2010 and 2011, Exp. 1) or 3 (Exp. 2) yr.  Wisconsin data are least squares means of two replicates and 2 (2010 and 2011, Exp. 1) or 3 (Exp. 2) proportions. This indicated that farmers have wide flexibility in formulating seed mixtures for specific locations and to achieve specific functions in their forage operations. VEPE3  VEPE3  CEFO2  CEOF  BAVU  TAOF  PADI  TAOF  TAOF  TAOF  CEOF2  CEFO2  BAVU  BAVU  TAOF  PLMA2  PLMA2  PLLA  PLMA2  PADI  SEPUP2  CABU2  OXST  PADI  CAAC  COCA5  BAVU  POPR  DIIS  PLMA  PADI  BAVU  COAR4  TAOF  RUCR  CAAC  SEPUP2  SONE  CYES  DIIS  BAVU  LECA5  CAAC  OXST  PLMA2  ERAN  SONE  POER81  CAAC  POPR  Philipsburg  VEPE3  POPR  AMAR2  AMAR2  RUAC3  DACA6  PLMA2  PACA6  PLMA2  DIIS  CEOF2  LEVU  LEVU  SEPUP2  LEVU  PLCO3  COCA5  POER81  PLLA  PLMA2  LAAM  AMAR2  COAR  DACA6  PLLA  SONE  PACA6  SOCA6  DACA6  PLLA  SEPUP2  RUAC3  POPR  LEVU  COCA5  ERAN  PLLA  ERAN  PACA6  ERAN  PADI  POER81  POER81  PLLA  DACA6  PRVU  SEPUP2  LEVU  COCA5  POER81  Wisconsin Rozetta soil  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  CHAL7  AMRE  AMRE  AMRE  AMRE  DIIS  LECA5  MEOF  DIIS  Wisconsin Palsgrove soil  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  TAOF  CHAL7  CHAL7  CHAL7  CHAL7  CHAL7  POPE2  STME2  STME2  POPE2  POPE2  POPE2 MEOF 
